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Fig.1 Schematic diagram of the preparation route to core-shell structured nAI@ Cu(BTC)/Fe(BTC) nano-thermite
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Fig.4 XRD patterns of nAl, Cu(BTC), Fe(BTC), nAl@Cu
(BTC)-12, nAl@Fe (BTC)-12 and core - shell structured
nAl@Cu(BTC)/Fe(BTC) nano-thermite
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vt B BF 58 B P ¥ Fe (BTC) #1 Cu(BTC) 5 nAl Z & .
Kl 4aH nAl@Cu(BTC)/Fe(BTC)-12 44K #G7 f XRD
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HH 4T T EDS-Mapping £ 1, 25 5 4 5 n & 1 A
KI5 TR, 21 s Ja R R 1 C & =t & 7, 1 Al
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Fe(BTC)-12 Wb 24l i FI e Z M 4, 3F LA C 1s=284.8
eV IE XPS ik, 25 R anl&l 6 irs . AH LT nALB K1Y
XPS & ,nAl@Cu(BTC)-12 4 KA #FIHIBL T C.O Al
MICu 4FPICE ,nAl@Fe(BTC)-12 1y XPS Mk il 3 C.
O.AlfllFe 4 Fh L% ,n-Cu(BTC) Ml Fe(BTC)-12 4K 4

K1 AR AL nAl@Cu(BTC)/Fe(BTC) 4K 4 #45)
4 2 THTJE T 2L

Table 1 Surface elemental compositions of nAl and core -
shell structured nAl@Cu(BTC)/Fe(BTC) nano-thermite

surface elemental compositions / %

samples

Al C o N Cu Fe
nAl 17.25 53.33 2943 0 0 0
nAl@Cu(BTC)-12 7.44 73.85 16.26 1.12 133 0
nAl@Fe(BTC)-12 6.38 69.07 21.91 1.24 0 1.39

nAl@Cu(BTC)/Fe(BTC)-12 5.57 70.46 20.93 1.15 0.51 1.38

N XK XXXX HF & XX A& HXX#8 (1-11)



sk R, SR AR SR, S R

B 5 nAl@Cu(BTC)/Fe(BTC)-12 ¥ EDSJCH 43 fii
Fig.5 EDS spectrums of nAlI@ Cu(BTC)/Fe(BTC)-12

nAI@Cu(BTC)/Fe(BTC)-12
QU2p Fe2

nAI@Fe(BTC)-12

g Fe 2p
= | nai@cuTo)-12
O1s Cis
nAl Al2p

1400 1200 1000 800 600 400 200 0
binding energy / eV

a. XPS full spectra of nAl, nAl@ Cu(BTC)-12, nAl@Fe
(BTC)-12 and nAl@Cu(BTC)/Fe(BTC)-12

nAl@Fe(BTC)-12
Fe2p

Fe 2p,, Fe 2p,,

intensity / a.u.

740 730 720 710 700
binding energy / eV

c. Fe 2p of nAl@Fe(BTC)-12

nAI@CU(BTC)-12
Cu2p Cu 2p,,
Cu 2p1/2
e
z
(2]
3
970 960 950 940 930
binding energy / eV
b. Cu 2p of nAI@Cu(BTC)-12
nAI@CU(BTC)Fe(BTC)-12
Fe 2p Fe pr Fe 2p3/2
=
z
(2]
IS
740 730 720 710 700

binding energy / eV
d. Fe 2p of nAlI@Cu(BTC)/Fe(BTC)-12

B 6 nAl, nAl@Cu(BTC)-12, nAl@Fe(BTC)-12 %7454 nAl@Cu(BTC)/Fe(BTC)-12 44K 45 #4519 XPS &l 3% nAl@Cu(BTC)/

Fe(BTC)-12 nano-thermite

Fig.6  XPS patterns of nAl, nAl@Cu(BTC)-12, nAl@Fe(BTC)-12 and core-shell structured

PSP T C.O Al Fefl Cu 5FICE (K 6a).
nAl@Cu(BTC)-12 [ Cu 2p 454 fE X 1 XPS ¢ 1%
(I 6b) 7~ , 7 934.2 eV f1954.2 eV Ab 3 B BL T
Cu 2p,, 1 Cu 2p,, W FFEEE , 33 W] nAl@Cu(BTC)-12
FCuot & £ D Cu g XL FETE . nAl@Fe
(BTC)-12 7£ 710.6 eV Fll 724.6 eV 4b 43 5 i Bl T
Fe 2p,, fl Fe 2p,, FIRFE 4 , 53 25 & (A=2p,,—2p,,) N
14 eV, i nAl@Fe(BTC)-12 H1 ) Fe JTLZE FE UL Fe’”
B9 R AFE7E (E 6¢) . nAl@Cu(BTC)/Fe(BTC)-12 4
KA K Y Fe 2p FF A 15 47 F w B2 F] 710.2 eV,
724.2 eV AL X FE IR Cu(BTC) H Fe(BTC) Z [H]

Chinese Journal of Energetic Materials, Vol.XX, No.XX, XXXX (1-11)

KA T A E B EAE R (B ed) o
2.3 HERMERESHT

XoF BT il £ A% 5 45 AR A0 K BR AR #E 1T TG-DSC 43
Br, TG-DSC EIMER 5 o3 i 0 2 80 18 7 fn 5k 2 e
o M 7a~7b FIZE 2 AT LA ), n AL A T 42 Ak By
BETE 630.2 °C45 o, 14 T 28.8%, 1% IR A 1L B B 15 ~
800.0 °C 45 i , 18 & 35.6%; 4l i #b , DSC Hl £k 7
565.0 CHI1787.5 “CAb & 7= WA # g . Cu(BTC)7E
312.0 CHF 1A 43 fit L 370.0 °C 43 i 58 i 5 A0 I #l , DSC
M2k 78 357.4 °CAbf7 76 B B 1Y il #h  ; Fe (BTC) #4 %}
149 43 ik T 3R T 5 o L o i B TED A K L 7 340.0 CHF iR
S Xt

www.energetic-materials.org.cn



1% 5% 45 1 nAl@Cu (BTC ) /Fe ( BTC) 44 2K 57 #4551 B il 46 K2 IR b8 1 i

7

G3f#,470.0 °Cor i 56 B, AH N b DSC i £k 7 434.5 °C
A5 B S 0 R AR

A, B 7a~7b F1 3 2 3F 7] L& H, nAl@Cu
(BTC)-12 44 K 1 #4557 v, Cu (BTC) #4 B 19 53 i 7%
320.1 CHEH, B 1125 16.3% , %4 8 & A 1 2 v =

Al
1401 PAI@CUBTC)12
nAI@Fe(BTC)-12
120k nAI@CU(BTC)Fe(BTC)-12
Cu(BTC)
Fe(BTC)
52 100 e
4
€ gof
60
40F

200 200 600 800
temperature / °C

a. TG curves of nAl, Cu(BTC), Fe(BTC) and core-shell
structured nAl@Cu(BTC)/Fe(BTC) nano-thermite

160 nAI@CU(BTC)/Fe(BTC)4

140k nAI@CU(BTC)/Fe(BTC)-8
nAI@CU(BTC)/Fe(BTC)-16
nAI@CU(BTC)/Fe(BTC)-20

120+ nAI@CU(BTC)/Fe(BTC)-30

100

mass / %

80r

60

il 200 400 600 800
temperature / °C
c¢. TG curves of nAl@Cu(BTC)/Fe(BTC) with different

number of coating layers

B JE Cu(BTC) WA i, Z J5 nAl 55X 1 Cu, O, Fil
2R O, & AR RN AL ) B, IR it DSC R 4R
B A IR R IR AR AR R BE 4 ) B I 560.0 °C R
757.5 °C, B ¥ #4350 19.0% 1 24.7% . T X T
nAl@Fe(BTC)-12,Fe(BTC)# L 43fft 7 420.5 °C4h

nAI@CU(BTC)/Fe(BTC)-1 T
exo

nAI@Fe(BTC)-12

nAI@CU(BTC)-12

heat flow / W-g"

Cu(BTC)

200 200 600 800
temperature / °C

b. DSC curves of nAl, Cu(BTC), Fe(BTC) and core-shell
structured nAl@Cu(BTC)/Fe(BTC) nano-thermite

1 €xo

>

%

3

=

B2 nAI@CU(BTC)Fe(BTC)4
nAI@CU(BTC)/Fe(BTC)-8
nAI@CU(BTC)Fe(BTC)-16
nAI@CU(BTC)Fe(BTC)-20
PAIGCU(BTC) Fe(BTC)-30

L

200 400 600 800 1000
temperature / °C

d. DSC curves of nAlI@Cu(BTC)/Fe(BTC) with different

number of coating layers

7 nAl.Cu(BTC) .Fe(BTC)FI# 54544 nAl@Cu(BTC)/Fe(BTC) 44K 43 #1457 i TG-DSC i £
Fig.7 TG-DSC curves of nAl, Cu(BTC), Fe(BTC) and core-shell structured nAlI@Cu(BTC)/Fe(BTC) nano-thermite

K2 YOKBE ML nAl@Cu(BTC)/Fe( BTC) 44 K 4R #4571 #4043 fift i v 5 84

Table 2 Thermal decomposition reaction parameters of nAl and core-shell structured nAl@Cu(BTC)/Fe(BTC) nano-thermite

compounds T,/ T,,/C Am, [ % T,/ T,/°C Am, [ % T,/C Am, [ %
nAl — — — 565.0 630.2 28.8 787.5 35.6
nAl@Cu(BTC)-12 297.5 320.1 -16.3 560.0 607.5 19.0 757.5 24.7
nAl@Fe(BTC)-12 377.5 420.5 -8.9 557.5 610.0 22.4 755.0 31.3
nAl@Cu(BTC)/Fe(BTC)-4 — 450.0 -8.4 562.5 615.0 24.7 775.3 31.6
nAl@Cu(BTC)/Fe(BTC)-8 390.6 447.5 =13.1 557.1 605.1 20.3 762.5 29.0
nAl@Cu(BTC)/Fe(BTC)-12 347.5 395.2 =22.4 552.5 597.5 12.3 735.0 20.1
nAl@Cu(BTC)/Fe(BTC)-16 345.1 387.5 =22.4 542.5 585.0 13.5 722.5 24.4
nAl@Cu(BTC)/Fe(BTC)-20 342.5 380.0 -29.0 545.2 578.0 9.8 712.3 18.5
nAl@Cu(BTC)/Fe(BTC)-30 327.6 392.0 -37.3 575.0 635.0 3.0 — 8.9

Note: T, T, and T, are the peak temperatures of MOFs decomposition, low temperature oxidation and high temperature oxidation of nAl, respectively. T, T,
P 2 P

d2

and T, are the end temperatures of MOFs decomposition, low temperature oxidation and high temperature oxidation of aluminum powder, respectively

(TG curves). Am1 s Amz, and Am, are mass changes based on the two adjacent Tos Toos and Ty, phases, respectively.
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Preparation and Combustion Performances of Core-Shell Structured Al@Cu(BTC)/Fe(BTC) Nano-Thermite

SHI Zhe'*, ZHAO Yuan-yuan', MA Zhi-wei', YANG Yu-lin*, ZHANG Jian’, WANG Xu-wen’, LIANG Jia-yan®
(1. China Wuzhou Engineering Group Corporation LTD , Betjing 100053, China; 2. MIIT Key Laboratory of Critical Materials Technology for New Energy
Conversion and Storage s School of Chemistry and Chemical Engineering , Harbin Institute of Technology, Harbin 150001, China)

Abstract: In order to solve the inhomogeneous component distributions and low combustion efficiency in the preparation pro-
cess of nano-thermite, the core-shell structured nAl@Cu(BTC)/Fe(BTC) was prepared via a layer by layer assembly technique.
The structure, morphology, thermal reaction performance (thermite-reaction temperature) and combustion performance (com-
bustion time, ignition delay time, and combustion temperature, etc.) of nAlI@Cu(BTC)/Fe(BTC) were studied. The results show
that the thickness and morphology of the coating layer can be regulated during the layer by layer assembly process. As the thick-
ness of the coating layer increases, the nano-thermite gradually changes from rough and loose to smooth and dense. The
nano-thermite with alternating 12 layers of Cu(BTC)/Fe (BTC) possesses a severe burning effect with a fast flame propagation
rate that reaches the maximum flame within 0.710 seconds. Besides, this sample also achieves a moderate ignition delay time
(0.509 s), the shortest combustion time (2.036 s), and the highest combustion temperature (1425 °C). Meanwhile, its decom-
position peak temperature of aluminum oxidation reaction can be reduced to 552.5 °C and 735.0 °C due to the synergistic effect
of Cu(BTC) and Fe(BTC).
Key words: core-shell structure;nano-thermite; nAl@Cu(BTC)/Fe(BTC) ; layer-by-layer assembly technology; combustion perfor-
mance
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In order to solve the inhomogeneous component distributions and low combustion efficiency in the preparation process of
nano-thermite, the core-shell structured nAl@Cu (BTC)/Fe (BTC) was prepared via a layer by layer assembly technique. Its

structure, morphology, reaction temperature, combustion time, ignition delay time and combustion temperature were studied.
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